Iron deficiency in vulnerable groups is widespread in China, as in most developing countries, and iron supplementation has been accepted for many years as an effective targeted measure to control it. However, the current practice of daily dosing frequently causes unfavourable side effects that result in non-compliance. We randomly assigned 238 3-6-year-old children attending a kindergarten in Changji City, Xinjiang, China, of whom 37% were anaemic, to receive 6 mg of iron per kilogram of body weight as FeSO 4 daily, twice a week, or weekly under direct supervision for three months. The weekly dose was as effective as the daily dose in controlling anaemia, had insignificant side effects (4% of the children experienced side effects in contrast to 36% of those receiving the daily dose), and, on the evidence of serum ferritin distribution patterns, avoided temporary iron overload. The twice-weekly dose had no advantages over the weekly dose. On the basis of these results, longterm targeted preventive supplementation with weekly doses of iron should be considered among groups where iron deficiency and anaemia are prevalent.
Introduction
Iron deficiency is a public health problem in China as well as in most developing countries [1] [2] . Clinical experience shows that infants and young children in north-western China often have anaemia and iron deficiency, diagnosed as low serum ferritin levels, high free erythrocyte protoporphyrins, and low percentage saturation of transferrin. This would also be expected in view of the high prevalence of iron-deficiency anaemia among pregnant women in that region: over 50% between the third and eighth months of pregnancy have haemoglobin concentrations below the WHO cut-off point of 110 g/L, corrected for altitude above sea level [3] .
Preventing and correcting iron-deficiency anaemia are particularly urgent among infants and young children because of the negative consequences it carries, some of which may be long-lasting if not permanent [4, 5] . For this reason, treating anaemia with 6 mg of iron per kilogram of body weight per day, supplementing with 1-3 mg of iron/kg/day after weaning or earlier in lowbirthweight infants, and fortifying milk and weaning foods have been proposed [6, 7] .
The daily administration of relatively high doses of iron results in a rapid decline in iron absorption [8] . This produces a gastrointestinal epithelium permanently loaded with iron. This condition is unphysiological and possibly responsible for the side effects, which are directly proportional to the iron dose [9] .
Taking these factors into account, Viteri et al. [10] conducted a series of experimental studies in iron-normal and iron-deficient rats given iron doses equivalent to those suggested by WHO for pregnant women. They demonstrated that administration of iron supplements every three days (coinciding with gut mucosal turnover time in the rat) improved true iron absorption by more than 2.5 times compared with a similar dose given daily. This supplementation avoided the well-known phenomenon of iron-absorption blockage after the ingestion of repeated iron doses [11] and the sustained iron loading of the gastrointestinal lumen and mucosa among previously iron-deficient rats [12] .
On the basis of these very encouraging results in animals, we decided to test the hypothesis that intermittent iron supplementation is also more efficient than daily iron administration in humans. Since intestinal mucosa renewal time in humans is between five and six days [13] , a weekly dose of iron should be almost as effective as a similar daily dose, and side effects, possibly caused by a temporary iron overload, should be minimized. We had an ideal setting to carry out this research in a large day-care centre (kindergarten) at Changji City that cares for children 3-6 years old. 
Subjects and methods
The total population of 246 healthy children, 3-6 years of age, attending the kindergarten of Chang-ji Autonomous Prefecture, in Xinjian province, China, were enrolled in the study. The kindergarten operates six days a week and has nine large classrooms, each with adjoining bedrooms (for naps), bathrooms, and food-heating facilities. Two centrally prepared meals and two snacks are offered daily, varying little from day to day, and are the same for all children, who eat ad libitum, including extra helpings. The main dish consists of noodles, vegetables, and chicken or fish soup. Snacks are seasonal fruit and candy.
There are three of the nine classrooms for each of three age groups, 3-4, 4-5, and 5-6 years; and within each age group the children are assigned randomly to one of the three rooms. For our study, the classrooms for each age group were randomly chosen for one of three different iron-supplementation regimens, lasting three months. Thus a similar number of children, with similar age and sex distributions, were assigned to each regimen, as follows: » group 1 (89 children) received a daily dose of iron, six days per week; » group 2 (74 children) received the same dose but only twice a week, once every three or four days; » group 3 (83 children) received the same dose but only once a week, every seven days. Thus, in each week, and over the course of the study, the children in group 2 received one-third and those in group 3 one-sixth the total dosage received by those in group 1.
The iron dose was aimed to be therapeutic, providing close to 6 mg of elemental iron per kilogram of body weight. This dosage was chosen to ensure enough daily iron intake for anaemic children and was 10 to 12 times the recommended daily iron intake. It also was proportionately similar to the 120-180 mg of iron recommended for pregnant women in the developing world [14] .
The basic preparation consisted of 300-mg FeSO 4 ·7H 2 O tablets containing 60 mg of elemental iron. To adjust the dose for the child's weight, tablets were divided into halves or quarters, providing 30 or 15 mg of elemental iron respectively, and given as shown in table 1. The tablets were administered by the teachers one hour after breakfast under direct supervision to make sure the child swallowed them.
The children's ages ranged from 36 to 71 months; 238 (107 boys, 131 girls) of the 246 children enrolled completed the study. Sex distribution by age group and by haematological status was homogeneous. Five children left the kindergarten during the study because of personal reasons (two each from the daily and weekly groups, one from the twice-weekly group). Three children from the daily group discontinued supplementation because of persistent nausea; two of these were non-anaemic. Exclusion criteria were chronic infectious diseases, cardiopathies, or respiratory diseases, and intake during the previous month of supplements or drugs containing iron or specially prescribed iron-rich and absorption-promoting foods for the month prior to entering the study.
The protocol was approved by the Human Subjects Committee of Chang-ji Hospital and Prefecture. All parents or guardians and the kindergarten authorities gave their informed consent for their children's participation.
Height and weight were measured by attending physicians using standardized anthropometric techniques [15] before the start of supplementation and at the end of the study. The scale and stadiometer used for all measurements were located in the health office of the kindergarten.
Before iron supplementation was started and one day after the last dose was administered, 5 ml of antecubital venous blood was collected, with minimal stasis, into tubes containing sodium EDTA. The blood was always collected before breakfast. Blood haemoglobin concentration was measured with cyan-methaemoglobin kits and serum ferritin with double-antibody radioimmunoassay kits prepared and standardized by the Atomic Energy Institute in Beijing. Radioactivity of 125 I was counted in an FJ 2008 model automatic gamma counter (Xian). Haemoglobin and ferritin standards and control samples were obtained from the Tianjin Children's Health Institute, Tianjin, China, which is standardized against WHO standards. Between-duplicate errors were 2% and 4% for haemoglobin and serum ferritin respectively. The between-run variability was always below 4% for haemoglobin and 6% for serum ferritin. Samples and runs falling outside these ranges of error were repeated.
The teachers and helpers kept a record of any health alteration or complaint that each child manifested during the study. These were then tabulated, without knowledge of the children's supplementation regimen, by two nurses in charge of the clinic at the kindergarten with the assistance of a nonparticipating physician, to estimate the rate of undesirable side effects for each child. At the end of the study, the children with side effects were tabulated according to their respective regimens.
Data analyses included descriptive statistics, analysis of variance with the Newman-Keuls sequential test of significance between subclasses, covariance, and Pearson correlations performed by SAS-PC programmes (SAS Institute, Cary, N.C., USA) to compare changes between initial and final values by experimental group and by initial anaemic or non-endemic status, defined by initial haemoglobin concentration below or above the WHOsuggested cut-off value of 110 g/L. Simple and cumulative distributions were also estimated. 
Results
The children were well nourished by anthropometric measurements, none being more than two Z scores below the WHO standards in height-for-age, weight-for-age, and weight-for-height (data not presented). Table 2 shows the ages of the children, divided into non-anaemic and anaemic groups (Hb > 110 g/ L or < 110 g/L respectively), by supplementation regimen. The anaemic children were younger than the nonanaemic (p < .05). Table 3 presents the haemoglobin concentrations before and after supplementation of the children in the three regimens classified by their non-anaemic or anaemic condition at the start of the study. The "before" values were similar within each group. As expected, the response of the anaemic children was larger in every regimen than that of the non-anaemics. The increments in haemoglobin observed with the three regimens in both groups were similar. At the final evaluation no children had haemoglobin levels below 110 g/L, and all fell within a normal probability plot for normally (Gaussian) distributed values ( fig. 1 ). All the anaemic and 37% of the non -anaemic children responded to the three ironsupplementation regimens with increments greater than 10 g of haemoglobin per litre. That value would be considered iron deficient but not anaemic. The 94 nonendemic children whose haemoglobin concentration did not increase more than 10 g/L during the course of supplementation had levels of 129.5 ± 0.72 g/L (mean ± SE) and can be considered to have had adequate iron nutrition even before entering the study. Ail mean values before supplementation in the non-anaemic group are higher than those ID the anaemic group (p < .001). b. All mean values after supplementation are higher than those before supplementation (p < .01). c. Lower than the values after supplementation for the other two regimens in the non-anaemic group (p < .05). Initial and final serum ferritin concentrations for both non-anaemic and anaemic children and the three regimens are shown in table 4. It is evident that the values were significantly lower in the anaemic children. As in the case of haemoglobin, all three regimens resulted in significant increases in serum ferritin. However, the final concentrations were significantly lower among the non-anaemic children receiving the supplements daily or twice weekly than in their anaemic counterparts. Non-anaemic as well as anaemic children receiving iron only once a week had lower values than those receiving more frequent doses. Among the anaemic children, the final serum ferritin concentrations were proportional to total weekly iron intake and significantly different from each other.
The mean initial serum ferritin concentration among the 94 non-responders was 31.3 + 0.74 µg/L. None of these children had concentrations below 12 µg/L. Figure 2 compares the distribution of the levels of the anaemic children after supplementation and the original levels of the non-responders (iron well-nourished). It is evident that the distribution of values of the children who received the weekly dose is superimposable on that of the non-anaemic non-responders. The children supplemented twice weekly had a distribution of values that was very close to being normal, with a mean 1.5 times greater than that of the non-responders. Those supplemented daily had a skewed distribution with a higher median and a longer tail to the right. The higher levels surpassed the highest levels of the non-responders by 24 µg/L or more.
The number of children who experienced undesirable side effects once or more in the course of the three supplementation regimens is shown in table 5. Thirtytwo (37%) of the children receiving a daily supplement had undesirable side effects, with nausea and vomiting being most common. Three of these children were dropped from the supplementation because of this. In contrast, only five (7%) and three (4%) of the children supplemented twice weekly and weekly respectively experienced undesirable side effects. It is important to note that side effects occurred in both the anaemic and non-anaemic groups receiving daily and twice weekly supplements but in none of the anaemic children given weekly supplements. 
Discussion
The prevalence of anaemia among the apparently normal preschool-age children in Chang-ji City, as defined by the 110 g/L WHO cut-off point for haemoglobin concentration, was 36%. As expected, anaemic children were younger than non-anaemic ones. On the other hand, on the basis of a haemoglobin response to iron supplementation of 10 g/L or greater, 59% of the children could be classified as responsive to iron and therefore most probably were iron deficient. These included all those classified as anaemic as well as 37% of the non-anaemics. The lowest initial haemoglobin concentration was 84 g/L, so the severity of anaemia can be considered moderate in comparison with the severe anaemia in parts of South Asia and Africa. At the end of the trial no child had a haemoglobin concentration below 110 g/L, and only two of the originally non-anaemic children had a lower level after supplementation than before (regression to the mean). In controlling anaemia, the daily, twice-weekly, and weekly supplementation regimens appeared similarly effective. On the other hand, the weekly dose appeared much more efficacious and better tolerated since it achieved the same haematological response with onesixth of the daily dose and produced essentially no side effects. The twice-weekly regimen appeared of intermediate efficacy but was also well tolerated. The daily dose was the least efficacious and was less well tolerated.
The final cumulative frequency distribution of haemoglobin was identical for the three regimens and reached a normal Gaussian distribution. This distribution was also shared by both the non-anaemic group as a whole and the non-anaemic subgroup that did not respond to iron supplementation with haemoglobin increments of 10 or even 5 g/L, thus considered fully normal, non-iron-deficient. These results are interpreted as definitive evidence for the effectiveness of any of the three regimens in controlling ferropenic anaemia in this population.
A conservative serum ferritin level for defining depleted iron stores (probable iron deficiency) in children is below 12 µg/L [16, 17] . In this study, 32% of the anaemic and none of the non-anaemic children fulfilled this criterion. On the other hand, all the anaemic children and 4 of the 56 non-anaemic children who responded to supplementation by an increase in haemoglobin concentration of 10g/L or more had serum ferritin levels below 20 µg/L (7%). This means that 64% of all the responders had an initial serum ferritin value below that level. None of the non-responders and only 2 children of 238 after supplementation had levels below 20 µg/L. Again, these results are interpreted as definitive evidence of the effectiveness of any of the three regimens in controlling iron deficiency in this population.
The response of serum ferritin to the three regimens must also be analysed in terms of the possibility of temporary iron overload among the anaemic children receiving therapeutic doses even 12 weeks after beginning therapy. This response was described in dailysupplemented, iron-deficient, anaemic rats that continued to accumulate intestinal and liver iron in contrast to their non-anaemic counterparts receiving the same amount of iron [12] . We do not know the exact mechanisms of this phenomenon. Among the children who were nonanaemic before supplementation, including all the nonresponders, none had serum ferritin values above 50 µg/L. Also, none of these children had serum ferritin levels below 20 or above 50 µg/L. after supplementation with any of the three regimens.
Among the anaemic weekly-supplemented children, none had serum ferritin levels above 44 µg/L. In contrast, the 20 (64%) who received daily supplementation had levels above 50 µg/L. as did 9 (33%) of those receiving supplements twice weekly. Levels were as high as 74 and 68 µg/L. respectively. We interpret these findings as an indication of a phenomenon in the daily and twiceweekly supplemented children similar to that observed in our experimental work with rats. In these animals, the administration of iron every three days prevented temporary iron overload and increased the efficacy of supplementation [10, 12] .
The correlation coefficients of regression analysis indicate a very high correlation between initial haemoglobin and log-transformed serum ferritin values in all the children (r=.860). When the children are divided between anaemic and non-anaemic, the correlation is stronger in the former (r=.567), which strongly suggests that the anaemia was due to iron deficiency. This was confirmed by the response to supplementation.
The difference in the frequency of reported (and observed) undesirable side effects between the children receiving daily and intermittent supplementation is striking, favouring both intermittent supplementation regimens. We do not }now whether there was temporary iron overload to which those symptoms may have been related or whether they reflected only a local response in the gastro-intestinal tract.
These results, supported by experimental evidence in animals, should stimulate a revision of ironsupplementation practices proposed for populations with a high prevalence of iron deficiency or at high risk of developing it. Iron-supplementation programmes have been plagued by poor adherence, a high frequency of undesirable side effects, and overall ineffectiveness. To this should be added the possibility that the daily administration of relatively high iron doses may reduce the absorption of other trace elements [18] ; a weekly dose should be much safer in this regard.
The public health implications of these results are the object of other documents and publications [1922] . We believe that at present an effective iron-supplementation programme would be a feasible strategy for controlling iron-deficiency anaemia in older infants and young children. Experience with this strategy in children is very limited in the developing world because of several factors: few programmes and even fewer evaluations, low coverage, cost, and difficulties in implementation. These are partly due to inadequate information on the need to provide supplements to children who appear healthy; to the reluctance of mothers to provide iron to children, given their personal experience with undesirable side effects; and to operational constraints associated with the daily regimen. Several of these constraints may be overcome by a better-tolerated weekly iron dose. The strategy of preventive supplementation [21, 22] -that is, providing long-term weekly iron supplements to prevent iron deficiency to population groups at risk of irondeficiency anaemia-should be considered seriously in light of the results of this study. Taking a weekly pill for a long time is not a strange concept in areas where malaria is endemic. Building on this experience and possibly incorporating small vitamin A doses [23] in areas where it may also be deficient, may boost further the concept of preventive supplementation.
In China, as in most of the developing world, the effective control of iron deficiency and anaemia requires exploring and using all possible strategies together, including means to ensure adequate birth-weight and duration of gestation, late cord ligation, breast-feeding, consumption of high-quality diets and favourable meal patterns, food fortification (milk, weaning and staple foods), and preventive iron supplementation. In our opinion, the most feasible measures to implement in the short term are effective prenatal iron and folate supplementation for improving the outcome of pregnancy, delayed cord ligation, support of breast-feeding, and long-term weekly iron supplementation. However, the last is not contemplated yet in China or in most of the developing world, mainly because the target is the anaemia of pregnancy, and partly because, despite many efforts, prenatal iron supplementation has not proved very successful [24] . This negative image extends to other iron supplementation programmes.
Several factors have been identified as responsible for this lack of success, including low coverage, improper information systems, inefficient programme management and supplement distribution, late initiation of prenatal care, and rejection of the programmes [25] . The last is due partly to undesirable side effects produced by the daily intake of the recommended doses proposed for developing nations by WHO [26] . About 30% of subjects receiving this dosage ( > 120 mg of iron as FeSO 4 ) daily have been reported to experience such side effects [27] , a proportion similar to that observed with the daily dose in this study. The development of iron tablets using the gastric delivery system is promising, mainly because, by improving and delaying iron absorption, they reduce the daily dose that is ingested and the undesirable gastro-intestinal side effects [28] . However, production constraints and cost make this technology unavailable at present. The logistical advantage of giving a weekly dose rather than a small daily dose (i.e., a supplement of 1 mg/ kg/day) should be taken into account.
The administration of a weekly dose of iron as proposed on the basis of the results of this study would obviate many of the obstacles to iron supplementation. It is more flexible in its application, so that communities could become directly responsible for its implementation under the guidance of public health authorities. It is certainly more economical, particularly if community-based, and should make it easier to increase coverage.
